The colonic mucosa can adapt its growth to alterations in diet. Metabolites from colonic microflora are frequently implicated as the primary factor in mediating the colonic mucosal response to diet; however, there is also evidence indicating that diet may have a direct effect in mediating this response. The aim of this study was to determine the role of diet, microflora, and microflora metabolites in altering the growth of the colonic mucosa. Two 28-day feeding studies were conducted using Sprague-Dawley rats. The first study compared the growth of the colonic mucosa in germ-free and conventional rats fed 6 different diets. The second study compared the growth of the colonic mucosa to the concentration of bacterial-derived short-chain fatty acids (SCFAs), bile acids, and ammonia. The diets that were fed consisted of (1) AIN-76a diet without dietary fiber; (2) standard AIN-76a diet, which contained 5% cellulose; (3) AIN-76a diet with 5% guar gum; (4) a "Western" human diet with 20% fat and 10% cellulose; (5) AIN-76a diet formulated to mimic Diet 4 in fat content but with 2.5% cellulose; and (6) Purina Rodent Chow. Quantitative volumetric and stereologic analysis was used to assess changes in total colonic mucosal volume as a measure of mucosal growth. In germ-free rats, Diets 2-4 and 6 induced a significant increase (18-38%) in mucosal volume compared to Diet 1. In conventional animals, only Diets 4 and 6 induced a significant increase (up to 63%) in mucosal volume compared to Diet 1. Relative to the germ-free animals, only conventional animals on Diets 4 and 6 had an increase in mucosal volume. The increases in mucosal volume in Diets 4 and 6 were not consistently associated with increased SCFAs, ammonia, or bile acids. There was a wide range in the colonic concentrations of SCFAs (2-fold), ammonia (6-fold), and bile acids (10-fold). The presence of colonic microflora in and of itself does not lead to enhanced colonic mucosal growth. Rather, there are unique interactions between specific types of diet and microflora that lead to a growth-promoting effect. This effect could not be explained by alterations in the concentration of SCFAs, ammonia, or bile acids in colonic contents.
INTRODUCTION
The colonic mucosa can adapt its growth characteristics to diet-induced changes in the luminal environment by alterations in its mass, dimensions, and mucosal epithelial cytokinetics (22) . Several mechanisms for controlling this adaptive response have been postulated, including the effect of bacterial metabolic products, physical characteristics of luminal content, and systemic factors (hormonal and neural) (22, 33, 55) . The evidence from different studies regarding the principle factor(s) involved is often conflicting, suggesting that there are multiple factors that interact to control colonic mucosal growth characteristics.
Bacterial metabolites are frequently implicated as the primary trophic factor for the colonic mucosa. Studies in which short-chain fatty acids (SCFAs), which are derived from bacterial fermentation, were infused into the colon have shown that these compounds can stimulate mucosal growth when the basal levels of SCFAs are very low (16, 24, 43) . However, studies in which fermentable and nonfermentable substrates were fed have shown that mucosal growth can be altered independent of the production of SCFAs (8, 12, 14, 15, 60) . This suggests that the methods by which SCFAs are manipulated in the colon can influence their growth-promoting effect on the mucosa. Other studies have shown that the mass of colonic contents may also be an important factor in influencing mucosal growth independent of SCFAs (60) .
There are also conflicting studies on the role of dietary fat in influencing colonic mucosal growth. Increasing the level of dietary fat has been postulated to increase the endogenous production of primary bile acids, which are then converted to secondary bile acids by colonic bacteria (59) . These secondary bile acids may be the mechanism by which dietary fat promotes the growth of the colonic mucosa, thus enhancing the development of colonic neoplasia (59) . Other studies, however, have failed to show that high-fat diets elevate colonic bile acid concentration (9, 17) in rats or increase epithelial cell proliferation in the colon (26, 27, 31, 52) . Other bacterial metabolites, such as ammonia and polyamines, have also been implicated in influencing mucosal growth (33, 56) .
Alterations in colonic microflora have been proposed as an important area for evaluation in order to understand the potential beneficial or harmful effects of dietary modifications (20, 41, 44) . As already discussed, however, there is conflicting evidence on the specific role of diet and colonic microflora in the normal physiology and pathophysiology of the colon. Thus, there is a need for a better understanding of the relationship between diet and metabolic products from colonic bacteria in the regulation of mucosal growth. To adequately interpret the (6) . Diet 1 was fiber-free and contained readily digestible ingredients that would be completely absorbed in the small intestine. Diet 2 was the standard AIN-76a diet formula containing 5% of the nonfermentable fiber microcrystalline cellulose (Avicel, FMC Corporation, Newark, DE) (6). Diets 1 and 2 provided little metabolizable substrate to the colonic microflora. Diet 3 contained 5% of the highly fermentable fiber guar gum (type CM, Meer Corporation, Jersey City, NJ) and, thus, would promote the growth of the colonic microflora. Diet 4 (&dquo;Western diet&dquo;) was a complex diet of natural ingredients previously described and has been used to mimic the high-fat diet of humans in Western civilizations, which have a high incidence of colonic disease (25) . Diet (11) . High-fat diets are proposed to enhance the development of colonic neoplasia through the increased production of secondary bile acids by colonic microflora (11) . Diets (36) . Second, initiation-promotion studies using a genotoxic colon carcinogen have shown that 5% guar gum in an AIN-76a formula diet and in a high-fat diet does not promote the development of colonic tumors (4, 23) . Third, the effect of 5% guar gum in the diet on colonic cell proliferation has been evaluated in rats with no sustained effect observed during a 90-day feeding study (58 Tissue Analysis. Quantitative volumetric and stereologic analysis was used to assess changes in total colonic mucosal volume as a measure of mucosal growth (5). The animals were fasted overnight prior to necropsy. The animals were anesthetized with sodium pentobarbital, and final body weight was taken after anesthesia. A 13-gauge, 3-in. ball-tip stainless-steel feeding needle was inserted into the rectum, and the anus was clamped closed. Ten percent neutral phosphate-buffered formalin (Fisher Scientific) was infused into the large intestine through the needle using a perfusion apparatus equipped with a manometer set to deliver the fixative at 10 cm of water pressure. The abdomen was opened, and the ileocecal junction was tied off. When the cecum had filled with fixative, the anus was ligated, and the infusion needle removed. The cecum and colon were removed from the animal and submerged in a jar filled with 10% neutralbuffered formalin until quantitation of mucosal volume could be performed.
The colon was separated from the cecum at the cecocolic junction. All mesenteric fat was removed, and total colon volume (cubic centimeters) of the infused colon was determined by the displacement of isotonic fluid, as described by Scherle (45 defined the range with a 380% greater concentration in Diet 3 than Diet 6. All these differences were significant at p < 0.05.
Differences in the morphology of the distal colon of germ-free and conventional animals fed the standard laboratory diets (Diets 2 and 6) are depicted in Figs. 1 and 2. Consistent differences in diet groups based on the subjective assessment of mucosal and tunica muscularis thickness were difficult to identify due to the marked variability among animals being fed the same diet. Goblet cells were not as prominent in germ-free animals compared to the conventional animals. Lymphoid follicles were smaller in the germ-free animals, but the cellularity of the lamina propria was not markedly different from the conventional animals. There are few studies comparing the effect of diet on colonic mucosa in germ-free and conventional animals (37, 47) . One study published recently using T-lymphocyte-deficient nude mice in the germ-free and conventional state evaluated the effect of fiber and fat on the colonic mucosa (37) . Direct comparison of this study with our study is not possible due to differences in species, diet, measures of mucosal growth, and use of immunodeficient animals. However, there are consistent findings in this study and ours; both studies agree on 3 points. First, dietary constituents independent of bacteria can alter colonic mucosal growth characteristics. Second, the presence of bacteria in and of themselves do not pro- (15, 54, 60) . The findings in our study support this because the inclusion of 5% or more dietary fiber in the diet of germ-free animals resulted in a mild, but significant, increase in mucosal volume. The growthpromoting effect of increased colonic content mass may be mediated through increased stretch or tension that occurs in the colonic wall as increased mass is moved through the colon. Other studies have shown that the stretching of mucosal tissue in the colon and other epithelial sites is capable of inducing proliferation in epithelial cells (7, 10, 40, 54) . The observation in this study that there were not consistent differences in the subjective assessment of mucosal thickness between diet groups (42) . The mechanism by which this occurs is believed to be an increase in the secretion of bile acids into the intestine, which are then converted to secondary bile acids by bacteria in the colon. These secondary bile acids have been proposed to stimulate mucosal growth and, thus, promote the development of colonic neoplasia (42, 59) . The results of our study are not consistent with this hypothesis and suggest that high fat levels in a diet do not consistently promote the growth of the colonic mucosa or enhance the production of bile acids in rats. Other authors have reported results consistent with ours, indicating that high-fat diets, despite the promotion of colonic cancer, do not increase bile acid concentrations (9, 17) in the colonic contents of rats or increase mucosal growth (measured by cell proliferation) (26, 27, 52) .
Compared to the fiber-free diet, the only diet in our study that elevated bile acid concentrations and ammonia in colonic contents was the AIN-76a + 5% guar gum diet. The increase in colonic bile acid concentration is consistent with the ability of soluble dietary fibers, like guar gum, to bind bile acids and prevent their absorption in the small intestine (34) . An increase in colonic luminal ammonia concentration associated with fermentable dietary fibers has been reported by others (30) . The mechanism of this increased ammonia concentration is uncertain but may be related to either increased protein degradation by bacteria or an increased secretion of urea and conversion to ammonia by bacterial urease in the colon (61) . It is important to note that at the range of pH recorded in this study, more than 99% of the ammonia (NH, + NH4+) would be in the ionized form (13) . This is an important distinction because the detrimental effects of ammonia in the colon are attributed to NH, (56 (48) .
The results of our study suggest that in order to properly evaluate the effect of a treatment on colonic mucosal growth characteristics, the effect on the entire colon needs to be considered. Colonic mucosal growth characteristics are frequently measured by assessing changes based on alterations in individual crypts such as labeling index, crypt cell production rate, or crypt height (22) .
These individual crypt measures do not reflect the entire spectrum of changes by which the colon modulates its growth. In addition to alterations at the individual crypt level, the colonic mucosa has been shown to alter its growth characteristics by crypt duplication, increasing the number of crypts per unit length and increasing its total length in response to alterations in diet (1, 19, 22, 29, suggests that differences in the rate at which crypt epithelial cells enter the process of apoptosis is the reason for the marked disparity in incidence of neoplasia in the colon and small intestine, despite the very high rate of cell replication [turnover of the entire mucosa every 3-6 days (22)] at both sites (39) . Clearly, there is a need to gain a better understanding of methods used to measure mucosal growth in the colon, the role of bacterial metabolites in mucosal growth, and the relationship of these factors to colonic mucosal pathophysiology.
